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Many reacting systems are known to display chemical instabili-
ties in the form, for instance, of oscillatory rates under some circum-
stances [1–3]. Homogeneous systems based on the so-called
Belousov-Zhabotinsky (BZ) reaction, are certainly the most widely
studied and understood to date [4–7]. Among different variants of
the original BZ system, the one named the bromate/hypophosph-
ite–acetone/dual catalyst system was introduced [8] as an interest-
ing alternative to be used in batch because it displays long-lasting
oscillations, gas and precipitate-free evolution, and also attractive
wave formation features. Together with manganese(II), the system
was testedwith [Ru(bpy)3]SO4, ferroin, or diphenylamine as the sec-
ond catalyst. Following this seminal article, some reports emerged
[9–13] concerning some experimental and mechanistic discussion
of this system. In this Letter we report the unsuccessful attempt to
ﬁnd oscillations in the BrO3-/H2PO

2 /acetone/Mn(II)–ferroin system
operated in ﬂow and argue on the generality of this ﬁnding.
2. Experimental
The reactor had 90 mm high and 47 mm in diameter and was
maintained at 25 ± 0.1 C by circulatingwater through a glass jacket
by the use of a Microquimica (model MQBTC99-20) thermostatic
bath. The temperature was monitored using a Tec-Lab thermome-
ter. To keep the same temperature as the solution inside the reactor
all solutions were placed within the thermostatic bath. The reactor
Teﬂon cap has the holes necessary to the use of a spectrophotomet-
ric probe connected by optical ﬁber to the UV–Vis spectrophotom-
eter (Ocean Optics, USB4000, light source PX-2), the platinum
electrode and the reversible hydrogen electrode (aqueous sulfuricll rights reserved.
a@iqsc.usp.br (H. Varela).acid solution at the same concentration inside the reactor was the
support electrolyte). The electrodes were connected to a multime-
ter (Minipa, ET2201). To feed the solutions to the reactor (CSTR)
two peristaltic pumps (Milan, 640) were used.
In the UV–Vis region the reaction was followed at two wave-
lengths. The wavelength 518 nm is the maximum of the ferroin
band (Ford-Smith and Sutin [14] reported this maximum at
510 nm with e = 1.11  103 L mol1 cm1). The iron(III) complex,
ferriin, absorbs in a higher wavelength with lower molar absorp-
tion coefﬁcient (kmax = 602 nm; e = 870 L mol1 cm1) [14]. The
wavelength 365 nm is a minimum in the ferroin spectra. At this
wavelength bromine has a molar absorption coefﬁcient equal to
120 L mol1 cm1 (k = 364 nm) [15] and the tribromine ion, which
is always in equilibrium with bromine, has a molar absorption
coefﬁcient approximately equal to 760 L mol1 cm1 (k = 360,
e = 807 L mol1 cm1; k = 370, e = 714 L mol1 cm1 [16]).
To mix solution in the reactor a magnetic stirrer (Marconi,
MA089) and a magnetic Teﬂon bar 15 mm long and 5.7 mm of
diameter were used at the stirring rate of 1400 rpm (Runs 1 and
2) and 700 rpm (Runs 3 to 6, see below).
All chemicals were used without further puriﬁcation: H2SO4
(Mallinckrodt), sodium bromate (Sigma Aldrich, 99%), acetone
(J.T. Baker, 99.7%). Ultrapure water obtained from a Millipore sta-
tion (milli-Q water, 18.2 MX cm, minimum) was used in all solu-
tions and general cleaning.
The reactor were feed by three solutions: Solution A, NaH2PO2,
CH3COCH3, and MnSO4; Solution B: H2SO4 and NaBrO3; and Solu-
tion C: H2SO4 and ferroin. All given concentrations indicates the ﬁ-
nal concentration inside the reactor.
3. Results and discussion
When looking for the conditions to observe oscillations several
strategies have been adopted and the results of some experiments
Figure 1. Time series for the system bromate/hipophosphite–acetone/manganese–
ferroin: (a) Pt electrode potential versus the hydrogen electrode; (b) absorbance at
365 nm; (c) absorbance at 400 nm. The data acquisition started after the reactor
was full of solution and the pump was turned off. The vertical arrows indicate: (i)
the pump was turned on again; (ii) mixing speed was changed from 1400 to
700 rpm; (iii) the pump was turned off; (iv) the pump was turned on. Concentra-
tions and ﬂow rate are indicated in Table 1 in the column Run 1/Run 2.
Figure 2. Time series for the system bromate/hipophosphite–acetone/manganese–
ferroin followed by the Pt electrode potential versus the hydrogen electrode. The
vertical line indicates the time when the pump was turned off. Concentrations and
ﬂow rate are indicated as Run 4 in Table 1.
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Run 1: started with the empty reactor; reactants were
separated in three solutions containing 1.33 mol L1 sulfuric acid:
A (NaH2PO2, CH3COCH3, MnSO4, H2SO4), B (NaBrO3, H2SO4), and
C (ferroin, H2SO4). The pump speed was set to give a ﬂow rate,
k0, equal to 3  104 s1. The initial concentrations inside the
reactor were: [NaH2PO2]0 = 0.110 mol L1, [CH3COCH3]0 = 0.320 -
mol L1, [MnSO4]0 = 0.0031 mol L1, [NaBrO3]0 = 0.050 mol L1,
[ferroin]0 = 3.3  104 mol L1. As a result, no oscillations were
observed.
Run 2: identical to Run 1, but, after the reactor was full the
pump was stopped until the appearance of some oscillations and
then the pump was turned on again. Results are given in Figure 1.
It means that initially the system run as in a batch regime and after
the induction period the oscillations started. When the pump was
turned on the oscillations disappeared. Reducing the stirring speed
from 1400 to 700 rpm does not resulted in oscillations but when
the pump was stopped again the oscillations resumed after
40 min and disappeared when the pump was turned on again.
As the traces for 518 and 365 nm are in phase, the oscillations in
the ferroin and bromine concentrations occur simultaneously. It is
worth to say that the thick trace in the electrochemical registry andTable 1
Experimental conditions for each Run: concentrations in mol L1.
Runs 1 and 2 Run 3 Run 4 Run 5 Run 6
[H2SO4]0 1.33 1.33 1.33 1.33 1.50
[NaBrO3]0 0.050 0.100 0.100 0.100 0.100
[NaH2PO2]0 0.110 0.110 0.110 0.110 0.110
[CH3COCH3]0 0.320 0.320 0.320 0.640 0.640
[MnSO4]0 0.0031 0.0031 0.0062 0.0062 0.0062
[ferroin]0 3.3  104 3.3  104 3.3  104 3.3  104 3.3  104
k0/s1 3.0  104 1.0  102 6.0  103 6.0  103 5.9  103
Observation ⁄ ⁄⁄ ⁄ ⁄⁄ ⁄⁄
* Oscillations observed after the pump was switched off.
** No oscillations at all.at 365 nm is due only to noise. At 518 nm the spectrophotometer
has a low noise level and the trace is thinner than at 365 nm.
Based on results shown in Figure 1 we considered that very low
ﬂow rates were necessary to obtain oscillations. Indeed, oscilla-
tions were observed at very low ﬂow rates using a feed by gravity
but these do not lasted long, started and resumed after some time,
and did not present a regular oscillation pattern as expected in a
CSTR experiment. We concluded that these oscillations were in-
deed batch oscillations and the very low ﬂow rate was only dis-
turbing the induction period of a sequence of batch oscillations.
Still looking for experimental condition in which the system
oscillates in a CSTR we performed further experiments. In these
experiments (Runs 3 to 6 in Table 1) we changed the ﬂow rate
and the reagent concentrations. As a result, no oscillations were
observed, except in Run 4, which presented oscillations, approxi-
mately, one hour after the pumpwas stopped, as shown in Figure 2.
These results are in line with that observed in Runs 1 and 2, indi-
cating that this system only oscillates when kept in batch. In addi-
tion, the gradual change of ﬂow rate did not show the presence of
bistability in this system, preventing the construction of a cross-
shape phase diagram which could help ﬁnd out the experimental
conditions for the oscillating behavior [17,18].
Szalai et al. [9] concluded that the full oscillator under consid-
eration comprises two subsystems: the Mn(II)/bromate/hypo-
phosphite/acetone and the [Ru(bpy)3]2+/bromate/bromoacetone
subsystem. As clariﬁed by Kurin-Csörgei et al. [10], the long lasting
oscillations are due to the [Ru(bpy)3]2+/bromate/bromoacetone
system, named the core oscillator. The two subsystems are chem-
ically coupled by bromoacetone which is produced in the Mn(II)/
bromate/hypophosphite/acetone subsystem and is used in the core
oscillator. The sequential nature of the oscillatory instabilities
found in the complex double substrate/double catalyst system
was further corroborated by experiments using ferroin instead of
[Ru(bpy)3]2+ [12]. Our results support the current interpretation
which consider that one subsystem must start oscillating in order
to induce oscillation in the following subsystem. As evidenced
herein this coupling occurs only in batch because at least one of
its critical component (probably the catalyst) is washed out when
the system is under ﬂow.
Of course we are aware that the absence of evidence is not evi-
dence of absence [19]. If on the one hand our experiments obviously
did not cover the whole parameter space which one can imagine,
the argument that the bromate/hypophosphite–acetone/dual
P.A. Nogueira et al. / Chemical Physics Letters 557 (2013) 191–193 193catalyst system does not oscillate when operated in ﬂow is corrob-
orated by the current mechanistic interpretation of the sequential
role of the two catalysts. Furthermore, it must be emphasized that
this impossibility was not explicitly stated in previous reports.Acknowledgements
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